The PDF file includes:
Section S1. Controlling multiple IDTs with a multitone excitation signal Section S2. An analytical model for the wave number-spiral acoustic tweezers Section S3. Analytical solutions for 2D potential well distributions Section S4. Multitone potential wells Section S5. Multiconfiguration 1D patterning Fig. S1 . A schematic of the wave number-spiral acoustic tweezers with detailed geometric relations. Fig. S2 . The principle of controlling multiple IDTs with a multitone excitation signal. Fig. S3 . Graphical illustrations for in-plane translation of 2D patterns. Fig. S4 . Single multitone potential wells generated by minimizing SAWs at multiple frequencies. Fig. S5 . Two independent multitone potential wells generated with independently controlled subarrays. Fig. S6 . Multiconfiguration 1D patterning of microparticles via wave number-spiral acoustic tweezers. Fig. S7 . Graphical illustrations for dynamic manipulation and reconfiguration of 2D microparticle patterns. Fig. S8 . Photos of a fabricated chip with a disposable PDMS chamber. Fig. S9 . Fabrication steps for a disposable microfluidic chamber. Legends for movies S1 to S5 References (41, 42) 
Section S1. Controlling multiple IDTs with a multitone excitation signal
In addition to generating SAWs, IDTs also have the function of frequency-wavenumber filtering.
When an input electrical signal contains multiple frequencies, the IDTs can only generate SAWs with the frequency-wavenumber components that are within their passbands. This unique filtering capability allows for simultaneous control of multiple IDTs with different passbands by simply using a modulated multi-tone excitation signal (a signal with multiple frequency components) in one channel. As illustrated in fig. S2 fig. S1 , the resultant SAWs can manifest as a circumferential acoustic rainbow with the frequency gradually changing circumferentially.
Section S2. An analytical model for the wave number-spiral acoustic tweezers
An analytical model is developed to explore the surface acoustic wave (SAW) wavefield, Gor'kov potential field, and acoustic radiation force generated by wavenumber-spiral acoustic tweezers. Under the parallel wavefront assumption, the time-space pressure field pm(t, x) (a function of time t and location x) generated by the m th pair of IDTs can be expressed as For the wavenumber-spiral acoustic tweezers studied in this paper, since all the IDT pairs work at different frequencies, they become independent in the mean squared pressure (7). Hence, the mean squared pressure can be expressed as 
Particularly
where ρf is the fluid density. Considering the contributions of all the IDT pairs, the total velocity and mean squared velocity can be expressed as 
For a small spherical particle (with the diameter r, density ρp and wave speed cp) in the fluid under acoustic waves, the acoustic radiation force F on the particle has been described by Gor'kov as resulting from a potential field U, expressed as (41) 
Particularly, the above analytical equations consider the multiple SAWs with different frequencywavenumber components propagating in different directions. These analytical equations lay the foundation for investigating complex Gor'kov potential field and acoustic radiation force generated by multiple pairs of IDTs. Moreover, they are helpful for designing and characterizing sophisticated acoustic tweezers with multiple pairs of IDTs.
Section S3. Analytical solutions for 2D potential well distributions
When two pairs of IDTs in the wavenumber-spiral acoustic tweezers are excited, the generated potential wells will be distributed on 2D lattices. The distributions of potential wells depend on both the wavelengths and the wave propagation directions. However, currently, no analytical/theoretical solutions are available to predict the 2D potential well distributions to the best knowledge of the authors. Hence, in this section, analytical solutions are derived, which can predict the 2D potential well distributions and be used for designing and characterizing acoustic tweezers. 
From the above equation, it can be found that when 
where np and nq are independent integers, and λp and λq are wavelengths for p th and q th pairs, respectively. Note that the locations of pressure nodes also satisfy Eq. (S16). By solving this equation, we can find , 11 2 2 2 2 2 2 
which provides a relation between phase change δφ and spatial translation vector δx. A graphical illustration of the relation is given in fig. S3 .
For a special case that two IDT pairs are orthogonal to each other (i.e., ep•eq = 0), Eq. (S17) and (S19) are simplified to , 11 2 2 2 2 2 2
For dynamic acoustofluidic manipulation, Eq. (S17) and (S19) play important roles in not only predicting the 2D potential well distributions but guiding the dynamic manipulation process and the design of tweezers. For example, if we want to translate a microparticle trapped in a potential well by δx, using Eq. (S19) we can identify the proper phase change δφ that should be applied to the IDT excitation signal. Moreover, if we want to pattern microparticles in a desired lattice configuration, using Eq. (S17) we can identify the optimal design parameters, such as wavelengths and IDT orientations.
Section S4. Multitone potential wells
In the paper, we have experimentally demonstrated several functions of wavenumber-spiral acoustic tweezers with five pairs of IDTs including multi-configuration 1D and 2D patterning, on-chip cell patterning and culture, dynamic manipulation and reconfiguration of 2D patterns, and dynamic manipulation of single microparticles. Here, analytical simulations are adopted to investigate other interesting functions that can be achieved using the wavenumber-spiral acoustic tweezers. The concept subarrays (40) are introduced to the wavenumber-spiral acoustic tweezers. We show that single multi-tone potential wells can be generated by minimizing SAWs at multiple frequencies.
Moreover, two independent multi-tone potential wells can be generated using two independently controlled subarrays.
Single multi-tone potential wells
For wavenumber-spiral acoustic tweezers with M pairs of IDTs ( fig. S1 ), to generate a single potential well at location x1, the Gor'kov potential field should be minimized at the location x1.
Hence, when , the cosine function in Eq. (S13) should be minimized by applying appropriate phase differences, given by
By applying the phase differences Δφm, the resultant potential field is minimized at the location x1, generating a single potential well.
Analytical simulations were performed to investigate the capability of wavenumber-spiral acoustic tweezers for generating single potential wells. The Gor'kov potential fields generated by three configurations with M= 8, 16, and 32 pairs of IDTs are simulated. The M pairs of IDTs are designed in such a way that the wavelengths of generated SAWs linearly increase from λ (for the 1 st pair) to 1.5λ (for the M th pair). The potential fields generated by 8, 16 and 32 pairs of IDTs are given in fig.   S4A , B and C, respectively. In each field, we can find a global potential minimum at the location (0, 0) surrounded by some local potential minima. At the global minimum, a single potential well is present. As the number of IDT pairs increases, the contrasts between the global minimum and surrounding local minima become larger. By properly changing the phase differences according to Eq. (S22), the single potential wells are moved to location (λ, λ)√2/2, as shown in fig. S4D , E and F.
The simulation results reveal that the single potential wells are at the minima of Gor'kov potential fields and surrounded by spiral-shaped potential fields. For different numbers of IDT pairs, the shapes and sizes of potential wells are nearly the same. However, the sizes of spiral-shaped potential fields gradually expand as the numbers of IDT pairs increase.
Previously, single potential wells were generated using vortices (37-39, 42) and focused Gaussian beams (9). Here, we demonstrate a new type of single potential wells, "multi-tone potential wells", which are generated by minimizing SAWs at multiple frequencies. The locations of potential wells can be precisely controlled by modulating the phase differences Δφm based on Eq. (S22). Such a single well at the global potential minimum can potentially be used for selective manipulation of micro-objects. Since the potential gradient toward the global potential minimum is steeper than the gradients toward local potential minima, the acoustic radiation force driving micro-objects to the global potential minima is stronger than the forces driving micro-objects to the local potential minima. This means particles are easier to be trapped at the global minima using the same input power for exciting IDTs. As the acoustic radiation forces toward the local minima become stronger with larger input power, the chance that particles fall into local minima will increase.
Two independent multi-tone potential wells
To generate two independent potential wells at locations x1 and x2, the concept of subarrays (52) is introduced to the acoustic tweezers. Multiple IDTs in the wavenumber-spiral acoustic tweezers are first divided into two subarrays, after which each subarray is responsible for generating one potential well. For the M (even number) pairs of IDTs in the wavenumber-spiral acoustic tweezers, it is divided into subarray 1 (index m = 1, 3, ⋯ 2j-1, ⋯ M-1) and subarray 2 (index m = 2, 4, ⋯ 2j, ⋯ M) for generating potential wells at locations x1 and x2, respectively. Similar to the derivation of phase differences given in Eq. (S22), the phase differences for the two subarrays can be derived 1 2 2 ( 1,3, 2 1 1) for subarray 1 2 ( 2, 4, 2 ) for subarray 2
By applying Δφm to subarrays, two independent potential wells at locations x1 and x2 can be generated. Moreover, it is possible to independently control the position of each well by manipulating phase differences for each subarray.
Analytical simulations are performed to investigate the capability of wavenumber-spiral acoustic tweezers for generating two independent potential wells. The simulated Gor'kov potential fields generated by the wavenumber-spiral acoustic tweezers with M= 32 pairs of IDTs are given in fig.   S5 . The M pairs of IDTs are designed in such a way that the wavelengths of generated SAWs Through analytical simulations, we show that two independent multi-tone potential wells can be generated simultaneously using two subarrays of the acoustic tweezers. Moreover, the position of each potential well can be controlled independently by properly modulating the phase differences of the corresponding subarray. Note that in the above analytical simulations, the amplitude factors Am in Eq. (S13) are set to 1. In the future, the direction-dependent amplitude factors induced by anisotropic piezoelectric substrates will be considered, along with the applications of weighted amplitude factors for improving the performance of acoustic tweezers.
Section S5. Multiconfiguration 1D patterning
The wavenumber-spiral acoustic tweezers allow independent generation and control of SAWs in multiple directions by properly designing the excitation signals. As SAWs in more directions are independently controlled, it becomes possible to generate more standing wave patterns, and thus it becomes possible to pattern microparticles in more configurations. To explore the one-dimensional (1D) microparticle patterns that can be achieved by the acoustic tweezers device with five pairs of IDTs, both analytical simulations and microparticle patterning experiments are performed.
The simulated Gor'kov potential fields generated by the wavenumber-spiral acoustic tweezers at five frequencies f1 to f5 are given in fig. S6A -E, respectively. The potential fields show 1D periodic parallel patterns with spatial periods of Dm= π/km (m ∈ [1,2,⋯,5]) in directions of em. The minimum and maximum potentials are associated with pressure nodes and antinodes of standing SAWs, respectively. For microparticles in the acoustofluidic system, both acoustic radiation force and microstreaming affect microparticle positioning. Due to the dominating contribution of the acoustic radiation force, microparticles (such as 10 μm polystyrene beads) tend to gradually move to locations with minimum potentials (at pressure nodes) and be trapped there. Hence, for microparticles in the potential fields shown in fig. S6A -E, we expect that 1D parallel patterns of microparticles can be formed at locations with minimum potentials. We also expect that 1D microparticle patterns with multiple configurations (different skew angles and interspacings) can be achieved, by adjusting the orientation, frequency, and wavenumber of standing SAWs.
Experiments are performed using the wavenumber-spiral acoustic tweezers to pattern 10 μm polystyrene beads. Experimental results (optical microscopy images) at five frequencies f1 to f5 are given in fig. S6F -J, respectively. As expected, 1D parallel patterns of microparticles are generated at locations with minimum potentials, having distinct skew angles and interspacings at different a small perturbation δf1 at first so that standing SAWs with a smaller wavelength can be generated and bring the two microparticles closer. Then, the frequency is restored back to f1 and meanwhile the phase difference is shifted to ∆ + so that the two microparticles can be brought together. 
